Introduction: We have recently described an increased lymphocytic infiltration rate in breast carcinoma tissue is a significant response predictor for anthracycline/taxane-based neoadjuvant chemotherapy (NACT). The aim of this study was to prospectively validate the tumor-associated lymphocyte infiltrate as predictive marker for response to anthracycline/ taxane-based NACT.
Introduction
Primary systemic therapy is the treatment of choice in locally advanced breast cancer. Besides the well-established adjuvant therapy regimens neoadjuvant chemotherapy (NACT) is increasingly used in patients with operable cancers [1, 2] . While NACT of early stages of breast cancer leads to high clinical response rates [3, 4] , a pathological complete remission (pCR) is achieved in only one-fourth of the patients, with variable rates in different subtypes.
The adaptive immune system is thought to play an important role in suppressing the progression of malignant cancers [5] [6] [7] [8] [9] . The presence of infiltrating lymphocytes within the tumor tissue has been shown for numerous tumor entities and high lymphocyte infiltration rates correlated with improved outcome [10] [11] [12] [13] . For breast cancer patients older than 40 years a high degree of infiltrating lymphocytes was correlated with increased survival [14] . In rapidly proliferating breast cancer tissues, a lymphocytic infiltrate demonstrated to be an independent predictive indicator for recurrence-free survival [15] . Furthermore, we and others have shown that a high lymphocyte infiltration is predictive for response to NACT in breast cancer patients [16] [17] [18] [19] .
Using core biopsies of untreated breast carcinomas for the analysis of predictive markers, NACT regimen can be used as in vivo chemotherapy-sensitivity test with pCR as indicator of beneficial outcome from chemotherapy [20] . In previous retrospective investigations we could demonstrate that an increased immunological infiltrate is predictive for response after anthracycline/taxane NACT. We showed that lymphocyte-predominant breast cancer (LPBC), defined as tumors with .60% lymphocyte infiltrate of either stromal (strLy) or intratumoral (iTuLy) lymphocytes had a significantly increased pCR rate after NACT [16] . Using pretherapeutic core biopsies of HER2 negative patients randomized for the PREDICT study, a substudy of the neoadjuvant GeparQuinto trial, we prospectively analysed the immunological infiltration rate as independent predictor for response to NACT.
Methods

Study Population
A total of 313 FFPE primary tumor core biopsies were evaluated in the prospective PREDICT study, a substudy of the GeparQuinto trial. The GeparQuinto trial (NCT 00567554) was a prospective, randomized, open label, multicentre phase III trial program exploring the integration of Bevacizumab, Everolimus (RAD001) and Lapatinib into current neoadjuvant chemotherapy regimes for primary breast cancer. Chemotherapy consisted of 4 cycles of epirubicine, cyclophosphamide followed by taxane. The PREDICT study was designed as a substudy of GeparQuinto for prospective validation of molecular biomarkers in HER2 negative tumors in the neoadjuvant setting. Only HER2-negative patients in setting 1 that did not receive Bevacizumab were included in the PREDICT study. 93 centers (of a total of 127 GeparQuinto centers) have participated in the Predict substudy and have provided tumor samples in parallel to the randomization. Everolimus was administered to the non-responders in a second randomization, at that time the lymphocyte analysis had already been performed. 37 patients investigated for lymphocyte parameters were randomized to the Everolimus arm of GeparQuinto. Written informed consent for use of biomaterials was obtained from all patients, ethic committee approval was obtained for all centres participating in the clinical study and from the institutional review board of the Charité hospital.
Data analysis approach
All clinical data, including the immunohistochemical data on estrogen receptor, progesterone receptor and HER2 status were extracted from the clinical study databases and represent the local assessment. This was predefined in the prospective statistical analysis plan for the PREDICT study.
Tumor samples and inclusion criteria
All samples were formalin-fixed, paraffin-embedded pretherapeutic core biopsies collected before randomization, with written informed consent. Samples were stored in the GBG tumor bank at the Institute of Pathology, Charité Hospital, Berlin, Germany.
The following inclusion criteria were used: 1) HER2 negative patients that were randomized to setting 1 of GeparQuinto and did not receive Bevacizumab, 2) available primary tumor sample for biomarker analysis, 3) available data on pathological complete Figure 1 . CONSORT statement and workflow of the PREDICT study. EC-T, epirubicin/cyclophosphamid followed by docetaxel; Pts, patients; pCR, pathologic complete response. doi:10.1371/journal.pone.0079775.g001 response (pCR). pCR was defined as the absence of residual invasive tumor cells in breast and lymph nodes (ypT0/is, ypN0).
Sample preparation and immunological infiltration evaluation
Tissue samples were fixed in neutrally buffered formalin. From each paraffin block, a 2 mm section was prepared and stained with haematoxylin and eosin (H&E). Only samples with a proportion of tumor tissue of at least 30% of the whole tissue area were included in the analysis. Stromal Lymphocytes, intratumoral lymphocytes as well as LPBC were defined as previously described in Appendix Table A1 (online only) of [16] , with one slight difference: Tumors with $60% intratumoral or stromal lymphocytes were designated as LPBC, this definition was more practical for routine assessment.
Intratumoral lymphocytes (iTu-Ly) were defined as intraepithelial mononuclear cells within tumor cell nests or in direct contact with tumor cells. They were reported as the percentage of the tumor epithelial nests that contain infiltrating lymphocytes. Stromal lymphocytes (str-Ly) were defined as the percentage of the tumor stroma area that contains a lymphocytic infiltrate without direct contact to tumor cells. The lymphocyte-predominant breast cancer (LPBC) was defined as tumors with either intratumoral lymphocytes in $60% of tumor cell nests or lymphocytes in $60% of the stromal area.
In this study the TILs were evaluated by only one pathologist. The interobserver variability for this evaluation has been tested by our group in the previous study, with a kappa score of 0.61 [16] .
Statistical analysis
Statistical analysis was performed using SAS 9.2 under SAS Enterprise Guide 4.3 (SAS Institute Inc., Cary, NC, USA). pCR rates were reported in subgroups defined by binary parameters (LPBC and clinical) and compared between subgroups using exact test of Fisher. The probability of pCR as a function of immunological parameters was determined by univariate logistic regression analysis. The multivariate logistic regression was used to adjust analysis for the known clinical parameters having influence on pCR.
Results
Baseline clinical data
An independent prospective validation was performed in the PREDICT study, a substudy of the GeparQuinto trial. The CONSORT statement and workflow of the tumor samples are described in Figure 1 . Between 9/2009 and 10/2010 a total of n = 313 HER2 negative patients were evaluated prospectively. Parallel to randomization, a FFPE tissue sample was sent to the central pathology laboratory by the site. The immunological infiltrate with the three parameters iTuLy, strLy and LPBC was evaluated in H&E sections. Histopathological results were sent as a report to the central trial office. The baseline characteristics of the patients are shown in Table 1 Prospective evaluation of the immunological infiltrate in the GeparQuinto PREDICT substudy High-grade tumors had a significantly increased pCR rate of 30.9% compared to the group of G1-G2 tumors with a pCR rate Table 2 ). The group of lymphocyte-positive breast cancer (LPBC) had a significantly increased pCR rate of 36.6%, whereas non-LPBC tumors had a pCR rate of 14.3% (LPBC pos. vs. neg. 36.6% vs. 14.3%, p,0.001). Table 3 shows the association between LPBC and clinical parameters, LPBC was significantly increased in the hormone receptor negative groups and in high grade tumors.
In logistic regression analysis (Table 4) , all three immunological parameters (iTuLy, strLy and LPBC) were significant independent parameters for pCR in univariate analysis per 10% increase in lymphocytic infiltrate (iTuLy OR 1.2, 95% CI 1.1-1.5, p = 0.01; strLy OR 1.2, 95% CI 1.1-1.4, p,0.001; LPBC OR 3.5, 95% CI 1.9-6.2, p,0.001). Other independent parameters in univariate analysis were negative hormone receptor status (OR 4.2, 95% CI 2.4-7.6, p,0.001), tumor grade (G3 vs. G1-G2, OR 3.3, 95% CI 1.9-6.0, p,0.001) and negative nodal status (OR 2.0 CI 95% 1.1-3.5, p = 0.02).
The multivariate analysis revealed LPBC and increased stromal lymphocytes (strLy) as significant independent predictors for pCR with an OR of 2.7 (95% CI 1.4-5.2, p = 0.003) and OR of 1.2 (95% CI 1.0-1.3, p = 0.01), respectively. The presence of intratumoral lymphocytes (iTuLy) was no significant independent parameter for pCR in multivariate analysis (OR 1.2, 95% CI 0.97-1.4, p = 0.11). Another significant independent parameter in multivariate testing was a negative hormone receptor status (p,0.05, table 4).
In an exploratory analysis, we have analyzed the pCR rate according to hormone receptor status: In our cohort, HR positive tumors had a pCR rate of 12%, while HR negative tumors had a pCR rate of 36.5%. In HR positive tumors (n = 209), the pCR rate for LPBC was increased to 28.2% (11 pCRs of 39 tumors), while it was only 8.2% (14 pCRs of 170 tumors) for non-LPBC tumors (p = 0.002, Fisher test 2-sided). For the HR negative tumors (n = 104) the pCR rate was increased to 44.2.% for LPBC, compared to 31.1% for non-LPBC (p = 0.22, Fisher test).
Discussion
Previous data from our group demonstrated that the degree of lymphocyte infiltration can be used as a continuous predictive factor for response to NACT. Tumors with a particular strong lymphocytic infiltrate, designated LPBC, had a significantly increased pCR rate compared to tumors with low lymphocyte infiltration [16] . In this study we could verify this finding in an independent, prospectively assessed cohort. LPBC and increased stromal lymphocytes were as significant independent predictors for pCR in multivariate analysis. However, the presence of iTuLy was significant for pCR only in univariate but not in multivariate logistic regression analysis. It should be noted that our investigation was performed on core biopsies and that evaluation of the immunological infiltrate could be different in large tumor sections. Furthermore, this infiltrate is a continuous parameter reflecting a biological characteristic. The designation LPBC just refers to the extreme variant of this continuous parameter. LPBC can therefore be used as a working category to facilitate diagnostic assessment. In our study the pCR rate was significantly increased in our cohort only in the HR positive subset. The non-significant increase in HR negative tumors could be due to the smaller size of this group and the already comparably high pCR rates in the non-LPBC tumors. As we did not perform a survival analysis, the prognostic effect of TILs cannot be evaluated in our study. There are several distinct mechanisms of the tumor-immune interaction in response to chemotherapy that may be considered for our results. Chemotherapy can increase the susceptibility of tumor cells to lysis by cyctotoxic CD8 + T cells mediated by DNAdamaging agents such as cyclophosphamide [21] . Low doses of cyclophosphamide were demonstrated to selectively reduce circulating regulatory T cells (Treg cells) but restore T cell and natural killer (NK) cell functions [22] . Anthracycline-treated tumor cells are particularly effective in eliciting an anti-tumor immune response. Data from Ladoire et al. (2008) showed that a systemic anthracycline-based NACT in early-stage breast cancer patients resulted in a decreased infiltration of Treg cells whereas the level of CD8 + T cell infiltration remained unchanged in complete responders [23] . Furthermore, taxanes can stimulate the proliferation of T cells and the cytolytic activity of NK cells in adjuvant treated breast cancer patients [24] . In the GeparQuinto trial all patients had received an anthracycline/cyclophosphamidebased regimen followed by paclitaxel treatment. Our previous retrospective analysis investigated differently treated cohorts from the GeparDuo and GeparTrio trials that received three different major therapy regimens but still demonstrated similar immunological effects [16, 25, 26] . Taken together with our here demonstrated results this fosters the hypothesis that additionally to the directly induced stimulating effects of one or more chemotherapeutic reagents a subsequent immunological reaction may be induced by the destruction of tumor cells and release of specific tumor-associated antigens [27] .
The large group of infiltrating lymphocytes can encompass T cells as well as B cells with their respective different subgroups. It is known that the composition of the immune infiltrate can influence the prognostic and/or predictive impact in different tumor types including breast carcinoma [28] [29] [30] [31] . Several studies reported that cytotoxic CD8
+ T cells and T helper CD4 + T cells infiltrated in the tumor tissue lead to a reduction of the tumor growth [32] . In contrast, CD4 + CD25 + T cells significantly correlates with improved clinical outcome [31] . Treg cells are thought to modulate the anti-tumor immune response by suppressing the activity of cytotoxic CD8 + T cells through direct cell-cell contact and/or secretion of transforming growth factor b (TGFb). High infiltration rates of Treg cells were found in the peripheral blood as well as in the tumor tissue in a variety of tumors including breast cancer [35, 36] . A correlation of a high Treg cell infiltration in breast tumor tissue with worse outcome for the patients was demonstrated by different authors [37, 38] . Furthermore, Bates et al. (2006) showed that high numbers of tumor-infiltrating Treg cells is an independent prognostic factor for shorter recurrence-free survival and overall survival in patients with ER+ breast cancers [39] .
Increased levels of mature B cells can be located in secondary lymphoid tissues as well as in the tumor tissue of different tumor entities including breast cancer [40] [41] [42] . Although the role of tumor-infiltrating B cells is still not clear, it is suggested that activated B cells may contribute to an anti-tumor immune response by secretion of antigen-specific antibodies, induction of innate immune cells (e.g. M1 tumor-associated macrophages), release of distinct cytokines (e.g. IL-6) and activation of complement cascades [13, 43] . Activated B cells can also function as antigen-presenting cells to induce tumor-specific cytotoxic T cells and therefore contribute to cellular immunity [43, 44] . Moreover, it is claimed that tumor-infiltrating B cells possibly activate humoral immunity within the tumor tissue by the induction of an antibody response against tumor-associated antigens [45] [46] [47] [48] . Recently, revealed in a large study of 1470 primary invasive breast cancer tissues that high numbers of tumor-infiltrating B cells correlated with a good prognosis for the patients [49] . Furthermore, an analysis of gene expression patterns of 200 node-negative breast tumor patients identified a positive association of tumor-infiltrating B cells with the survival of the patients [50] .
In our current data we evaluated the lymphocytic tumorinfiltrate without further identification of the subgroups of the different T and B cell subpopulations. Nevertheless, our previous investigation analyzed immunohistochemically the composition of the lymphocytic infiltrate consisting of CD20 positive B cells and CD3 positive T cells [16] . As described, the different lymphocytic patterns of T and B cells subpopulations could play an important role in the tumor evasion strategy based on the immune status. It is implicated that besides the directly induced effects of chemotherapeutic reagents the cellular immune response as well as the adaptive humoral immune answer may have an additional effect in anti-tumor response in the LPBC and strLy subgroups. Therefore the impact on the response to NACT of breast cancer patients may be beneficial. To verify this hypothesis further investigation is needed. A further stratification of the different lymphocyte subpopulations might increase the accuracy for prediction to response to NACT.
In conclusion, we show in a prospectively evaluation that tumor-associated lymphocyte infiltration in breast carcinoma tissue is a predictor for response to NACT. Confirming our previous data, we demonstrated that an increased lymphocytic infiltration rate is predictive for response to anthracycline/taxanebased NACT. Our findings suggest that the comparably simple evaluation of tumor-associated lymphocytes in H&E sections could be used as an additional parameter to define a group of patients that might benefit from NACT.
